We propose that flow distortion within a non-orthogonal CSAT3 sonic anemometer is primarily due to transducer shadowing, which is caused by wakes in the lee of the acoustic transducers impinging on their measurement paths. The dependence of transducer shadowing on sonic path geometry, wind direction and atmospheric stability is investigated with simulations that use surface-layer data from the Horizontal Array Turbulence Study (HATS) field program and canopy roughness-sublayer data from the CHATS (Canopy HATS) field program. We demonstrate the efficacy of correcting the CSAT3 for transducer shadowing with measurements of its flow distortion in the NCAR wind tunnel, combined with 6 months of data collected in the atmospheric surface layer with adjacent CSAT3 and orthogonal ATI-K sonic anemometers at the NCAR Marshall field site. CSAT3 and ATI-K measurements of the variance of vertical velocity σ 2 w and the vertical flux of sonic temperature agree within 1 % after correction of both sonics for transducer shadowing. Both the simulations of transducer shadowing and the comparison of CSAT3 and ATI-K field data suggest a simple, approximate correction of CSAT3 surface-layer scalar fluxes with an increase on the order of 4-5 %, independent of wind direction and atmospheric stability. We also find that σ w /u * (where u * is the friction velocity) and r uw (the correlation coefficient) calculated with corrected CSAT3 data are insensitive to wind direction and agree closely with known values of these dimensionless variables for neutral stratification, which is evidence for the efficacy of the correction of the horizontal wind components for transducer shadowing as well.
Introduction
Sonic anemometers, or sonics, have become a common sensor for both micrometeorological research and applied meteorology. Sonics directly measure one, two or three components T. W. Horst (B) · S. R. Semmer · G. Maclean National Center for Atmospheric Research, Boulder, CO, USA e-mail: horst@ucar.edu of the wind vector, as well as the speed of sound and thus the acoustic equivalent of virtual temperature (e.g. Kaimal et al. 1990; Kaimal and Gaynor 1991) . Three-component sonic anemometers are commonly used to measure fluxes of momentum and virtual temperature and, when combined with fast-response scalar sensors, vertical fluxes of moisture, CO 2 and other atmospheric constituents. Sonics have many advantages over mechanical anemometers including robustness, good spatial and temporal resolution of the energy-containing range of atmospheric turbulence, a linear calibration that depends only on measurements of path length and acoustic transit time, and calibration stability (Kaimal 1979; Wyngaard 1981a) .
There are also some challenges for their design and operation. Uncompensated time delays within the acoustic transducers can produce offsets in the measured values of the wind components. However, these offsets only affect measurements of the mean wind components and not the measurement of turbulent fluctuations and fluxes. Averaging of the wind components and the speed of sound over the finite lengths of the acoustic paths can compromise the measurement of small eddies close to the earth's surface (e.g. Horst and Oncley 2006) . Measurement accuracy is inherently limited by the accuracy to which the lengths of the acoustic paths, the direction cosines of the path geometry, and the acoustic transit times are measured (e.g. Kaimal and Haugen 1969) . Finally the sonic array, composed of the acoustic transducers and their support structure, can itself modify the flow that is being measured.
Flow distortion within the sonic array has recently been highlighted by members of the carbon flux community, who have compared sonics with an orthogonal acoustic-path geometry to those with non-orthogonal path geometries ( Fig. 1 ) and find that, in some cases, nonorthogonal sonics underestimate vertical velocity and scalar fluxes compared to orthogonal sonics with a dedicated vertical path (e.g. Kochendorfer et al. 2012; Frank et al. 2013) . This attenuation has been attributed to flow distortion within the non-orthogonal sonic-transducer array. Here, we propose a simple correction for flow distortion within a particular commercial, non-orthogonal sonic anemometer, the Campbell Scientific CSAT3, although the flow-distortion mechanism is in principle applicable to all sonic anemometers. The essence of our proposal is that flow distortion in the CSAT3 is dominated by transducer wakes that impinge on their acoustic path and cause a deficit in the path-averaged wind. This is called 'transducer shadowing' and is principally a function of the inclination of the wind vector to the sonic path and the ratio between the path length and the transducer diameter (Kaimal 1979) . This paper differs from recent approaches in that we invoke a specific physical mechanism for flow distortion, rather than employing an experimental design, either in the atmosphere or in a wind tunnel, with the goal of mapping flow-distortion errors as a function of horizontal wind direction, wind elevation angle, and perhaps also wind speed. Our paper begins in the next section with evidence of flow distortion of the vertical wind component, obtained by comparing atmospheric measurements by adjacent CSAT3 and orthogonal Applied Technologies ATI-K sonic anemometers. In the subsequent section, we introduce our proposed correction of sonic flow distortion with a short history of sonic anemometer development, followed by CSAT3 wind-tunnel data that support the Kaimal (1979) transducer-shadowing model. Next, in Sect. 4, we investigate the dependence of transducer shadowing on sonic geometry, wind direction, and atmospheric stability by simulating the consequences of sonic flow distortion for wind speed and turbulence variances and covariances, using time series of turbulent wind components measured in the atmospheric surface layer. Then, in Sect. 5, we demonstrate the efficacy of our flow-distortion correction for both vertical and horizontal wind components by applying it to correct the CSAT3 data introduced in Sect. 2. Finally, in Sect. 6 we explore whether transducer shadowing is independent of wind speed, we show that transducer shadowing is also a major component of flow distortion in the non-orthogonal Metek uSonic-3, and we extend our transducer-shadowing simulations to the roughness sublayer within and above an orchard canopy.
Observations of Flow Distortion in CSAT3 Sonic Anemometers
In order to investigate flow distortion in the CSAT3 sonic anemometer, we deployed a transverse array of five sonic anemometers at the NCAR Marshall test site from January through August, 2012. The Marshall test site has a uniform fetch of low, arid plants extending 770 m to the south of the array. The sonics were mounted on booms pointing to the south at a height of 3 m and with a lateral spacing of 0.5 m. From west to east, or from left to right in Fig. 1 , the sonics will be referred to as csat x, atikw, csatva, atike, and csatw (additional sonics were mounted to the east and west of these five, whose data are not used herein). Sonics csat x and csatw were CSAT3 'test' sonics using Campbell's Version 3 firmware to avoid the temperature errors found in their Version 4 firmware during high winds (Burns et al. 2012) . Sonics atikw and atike were orthogonal ATI-K sonics intended as 'references' to quantify flow-distortion errors in the CSAT3 sonics, in particular for turbulence statistics that depend on the vertical wind component w. The CSAT3 sonics were factory-calibrated prior to deployment and the ATI-K sonics were user-calibrated as specified by the manufacturer.
Sonic csatva was a unique CSAT3 sonic with its a-path vertical and upwind of the other two paths for southerly winds. This sonic was built by Campbell Scientific and provided to NCAR solely to test whether the vertical velocity differences observed between measurements by CSAT3 and vertical-path sonics are caused by differences in their path geometries or by differences in the hardware and firmware used by each manufacturer to measure the transit times of acoustic pulses across the individual paths. This test sonic was not available until February 27 and, by comparing its sonic temperature variance to that of the other sonics, we eventually realized that csatva was using Version 4 firmware and was averaging the speed-of-sound measured by all three paths, making it dubious to compare its measurement of the kinematic virtual heat flux to that measured by the vertical paths of the ATI-K sonics. However, it was not until July 12 that the original csatva firmware was replaced by Version 3 firmware and sonic temperature measurement only by the vertical path. Thus most of our sonic comparison analyses use data from February 27 until September 3, while comparisons involving sonic temperature from csatva only use data beginning on July 12, e.g. Fig. 9 .
In addition to flow distortion by the sonics themselves, we must also be concerned with flow distortion by the infrastructure supporting the sensors. The sonic booms were mounted on a horizontal triangular tower section (Fig. 1) , which causes flow distortion equivalent to a solid cylinder with an effective radius R e f f = 62 mm (Wucknitz 1980) , and the sonic measurement volume was at a distance r = 1.87 m south of the supporting tower section. For r/R e f f = 30, Wyngaard (1981b) finds that the flow distortion error in u u is on the order of 2 % and the errors in w w and u w are on the order of 1 %. Here u is the component of the horizontal wind normal to the array (from the south) and w is the vertical wind component, x denotes an arithmetic mean of x, and x ≡ x − x denotes turbulent fluctuations of x with respect to its time mean.
In order to compensate for small differences in the mounting of the sonics within the array, the data from each were rotated into a coordinate system with its vertical axis normal to the mean flow field, using the planar fit technique (Wilczak et al. 2001) . Figure 2 shows 5-min-average data samples from sonic atike prior to coordinate rotation, binned in 10 • intervals of wind direction and plotted as the mean of the elevation angle of the wind, φ ≡ tan −1 (w/ √ u 2 + v 2 ), versus wind direction relative to the u-axis of the sonic. The sonic u-axis is positive for the wind from south to north, parallel to the booms on which the sonics are mounted, where positive (negative) wind directions are from the east (west). The vertical 'whiskers' for each point denote ± the normalized median absolute deviation of the data from the median, M(x) ≡ |x − x | /0.6745. 1 The sinusoidal curve on the plot corresponds to the least-squares planar fit to the data, calculated using data only for wind directions in the range of ±60 • in order to avoid contamination by inter-sonic flow distortion. (The atike pitch angle of −2.6 • was the largest value for all of the sonics; most were on the order of −1 • .) Departure of the observations from the planar-fit curve suggests that systematic intersonic flow distortion is present outside ±60 • , but was minimal within that range. Finally, the azimuthal orientation of the data from each of the sonics was adjusted so that the measured wind directions agreed with that of sonic csatw within ±0.7 • . These adjustments ranged from 0.2 • to 3.6 • , while most were on the order of 1 • or less. In order to verify the homogeneity of the Marshall test site, proper operation of the sonics, and the accuracy of our post-processing techniques and software, we compared identical sonics by calculating linear fits of variables measured by one with respect to the other for 1225 h of data with acceptable wind directions and wind speeds >1 m s −1 . Recall that the two ATI-K sonics were separated by 1 m, while the CSAT3 sonics were separated by 2 m. The intercepts of the linear fits between identical sonics were negligible and the calculated slopes were within ±1 % of unity for wind speed, variances of sonic temperature and the three streamwise wind components, momentum flux, and horizontal and vertical fluxes of sonic temperature. Figure 3 shows evidence of sonic flow distortion plotted as the ratio of turbulence statistics measured by a CSAT3 to those measured by an adjacent ATI-K sonic, assuming that the vertical wind component measured with a dedicated vertical path is correct. The ratios are plotted as a function of wind direction relative to the sonic u-axis, with the expectation that flow distortion will be evident as a systematic dependence of the ratio on wind direction (Sect. 4), as well as a departure of the ratios from unity. Each data point in the plot corresponds to the data within a 5 • wind direction bin. In Fig. 3 we focus on flow distortion of the secondorder moments that depend on the vertical wind component and that have been noted recently to differ between orthogonal and non-orthogonal sonics. These are the standard deviation of vertical velocity fluctuations σ w and the sonic temperature flux or kinematic virtual heat flux w t c , where t c denotes sonic temperature derived from the speed of sound.
This plot format will also be used in Sect. 5 to examine the efficacy of flow-distortion corrections. The legend shows the slopes m and the normalized mean absolute deviation of the residuals from linear fits to all of the data for both variables within the range of ±60 • , e.g.
w t c csat3 = m w t c atik ± M(residuals).
As we have seen in Fig. 2 , data outside of this wind direction range may be contaminated by flow distortion between the sonics within the horizontal array. However we show the data for a range of ±90 • in order to help judge whether data near the limits of the ±60 • range may also be contaminated by inter-sonic flow distortion. The geometry of the CSAT3 repeats at 120 • intervals ( Fig. 1 ) so that, with the exception of wind directions from the 'back' of the sonic (where it is mounted on its boom), this plot should in principle also apply to the other two sectors. The ordinate has two different scales with identical numerical values. One scale is for m, the (dimensionless) slopes of linear fits with Eq. 1 to the data within each wind direction bin, which we will often refer to simply as a 'ratio'. The second scale has the dimensions of each particular variable and refers to the magnitude of the vertical 'whiskers' for each data point, which correspond to the normalized median absolute deviations of the residuals. We focus here on the uncorrected CSAT3 data, plotted in red, and we return to this figure in Sect. 5 to discuss the data after correction for flow distortion. Both uncorrected ratios in Fig.  3 have an amplitude <1 and a systematic dependence on wind direction, with the maximum attenuation occurring near zero degrees as will also be seen in the simulations of Sect. 4. The maximum attenuation occurs when the wind direction is aligned with the CSAT3 a path, as well as the u-axis of the sonic. The attenuation of the heat flux by 4-9 % is perhaps at the low end of that previously reported, which might be expected because our Marshall observations are in the surface layer while those of the carbon flux community are often in the roughness sublayer above a forest where vertical gusts are expected to be larger (Sect. 6.3).
Proposed Model for CSATFlow Distortion
We now propose a correction for flow distortion within the CSAT3 transducer array. Our proposal is best introduced and understood by a brief review of the history of sonic anemometer development, partially extracted from an account of the evolution of sonic anemometry written by the consummate pioneer in the field, Chandran Kaimal (Kaimal 2013) .
Although the concept of an acoustic anemometer was known as early as 1944, the first sonic anemometer to be operated successfully in the atmospheric surface layer was developed by Kaimal as a graduate student under the tutelage of Joost Businger at the University of Washington (Kaimal and Businger 1963a) . It was a continuous-wave sonic with a single, 1 m vertical path. The single-path design was chosen for simplicity of development and also because it is the vertical component of velocity that effects the exchange of heat and moisture between the atmosphere and the earth's surface. This new, fast-response anemometer enabled a significant increase in the understanding of atmospheric turbulent transport (e.g. Kaimal and Businger 1963b) .
In 1961 Kaimal joined the Boundary Layer Branch of the Air Force Cambridge Research Laboratory (AFCRL) and worked with several commercial companies to develop a succession of three-component sonic anemometers. The goal of this development was to also measure the horizontal components of turbulence and thus the (kinematic) momentum flux u w as well as budgets of the second moments of turbulence. These early sonics had a single vertical path and two horizontal paths that were displaced from each other by a distance on the order of the path lengths and had an angular separation of 120 • . In order to avoid flow distortion by one horizontal path on the other, these sonics had a wind-direction acceptance angle of only ±45 • and consequently had to be reoriented whenever there was a significant change in the mean wind direction. Three of these sonics were the backbone of the AFCRL 1968 Kansas field program, which made another leap forward in our understanding of surfacelayer turbulence by testing the theoretical ideas of Monin, Obukhov, and Kolmogorov (e.g. Businger et al. 1971; Wyngaard and Cote 1971a; Wyngaard et al. 1971b) . Kaimal (1979) subsequently found that when the wind direction is not normal to a horizontal path, the wakes that form downwind of the transducers impinge on their measurement path and attenuate the path-averaged velocity component. He called this "transducer shadowing" and used both wind-tunnel and atmospheric investigations to examine the dependence of transducer shadowing on the sonic path length L, transducer diameter d, and the angle θ between each path and the wind vector. Figure 4a shows the attenuation as a function of θ , with the maximum attenuation occurring when the wind is aligned with the path and increasing attenuation with decreasing values of L/d. In addition, Kaimal found that the maximum attenuation depends linearly on d/L (Fig. 4b) , for which Wyngaard and Zhang (1985) provide a simple physical explanation. The dependence on d/L imposes a lower limit on the path length for a given transducer size, which in turn limits the spatial resolution of the sonic and therefore how close to the surface the entire energy-containing range of turbulence that effects vertical transport can be measured. Kaimal et al. (1990) demonstrated the efficacy of correcting the wind components measured by each path for transducer shadowing, using a newly-developed orthogonal, threecomponent sonic anemometer, the Applied Technologies K-probe (Fig. 1) . He did this with a field test using two adjacent ATI-K sonics, mounted at a height of 22 m with one sonic inverted and oriented at 45 • with respect to the other, so that the wind direction and elevation angles of the wind relative to one sonic were different from the other. Kaimal's path-shadowing correction for flow distortion was verified because the horizontal and vertical wind components and the two orthogonal components of the momentum flux as measured by the two sonics agreed very closely with one another.
In the meantime, Joost Businger and Steven Oncley at the University of Washington proposed and built a sonic anemometer with a new path geometry (Zhang et al. 1986 ), which they named the 'U.W.' sonic. It was designed to reduce transducer shadowing for the horizontal wind components, as well as increase the operational range of acceptable wind directions, by having its three acoustic paths oriented at a zenith angle of 30 • and with the vertical planes containing each of the paths intersecting the horizontal plane at 120 • intervals. Campbell Scientific later adopted the U.W. sonic geometry when they developed the CSAT3 sonic anemometer used today by both the NCAR Earth Observing Laboratory (EOL) and over half of the FLUXNET sites (as of 2012, Nakai et al. 2014) . Kaijo-Denki, Gill Instruments, Metek, and R. M. Young have also produced commercial sonics based on the U.W. sonic geometry, but with their paths oriented at a zenith angle of 45 • , e.g. Fig. 12 . Another one-third of FLUXNET sites use sonics with this geometry. However, we note that paths oriented at 45 • compromise the intent of the U.W. sonic design to minimize transducer-shadowing errors (Fig. 4a) , while also increasing the ratio of noise in the vertical wind component to noise in the horizontal wind components by a factor of √ 3 (Mann and Dellwik 2014). Historically, it was thought unnecessary to correct the U.W. and CSAT3 sonics for transducer shadowing, based on the expectation of small flow elevation angles in the atmospheric surface layer. Thus when we learned that scalar fluxes measured by CSAT3 sonics in the roughness sublayer above a forest canopy were observed to be systematically less than fluxes measured by ATI sonics with a dedicated vertical path, our immediate thought was that these differences were simply caused by the fact that the CSAT3 was not corrected for transducer shadowing. This, in turn, motivated our 2012 Marshall sonic intercomparison. Our simple proposal, therefore, is that flow distortion within CSAT3 sonics is dominated by transducer shadowing, and that additional flow distortion by the transducer-supporting infrastructure may well be a second-order effect. The CSAT3 has an L/d value of 18 or d/L = 0.056 and, from Fig. 4b , we find that this implies a maximum attenuation of 16 % when the wind vector is aligned with one of the paths.
Along with deployment of our sonics at the Marshall test site, we also measured CSAT3 flow distortion in the NCAR/EOL low-speed wind tunnel. This is an open-return wind tunnel that has a cylindrical test section 1.5 m long and 1 m in diameter. The sonic was mounted in the centre of the test section with its v axis vertical, and we rotated it about that axis in 10 • increments in order to simulate a range of wind elevation angles equal to ±65 • . In this orientation, the wind-tunnel flow is confined to the sonic u-w plane and the sonic v-component is always zero, so that there is no variation in the equivalent horizontal wind direction with respect to the sonic. The measurements were made over a range of flow speeds from 2 to 25 m s −1 . Figure 5 is a plot of the difference between the wind components measured along each of the three acoustic paths (u a , u b and u c ) and the component of the tunnel speed parallel to the path, normalized by the tunnel wind speed. This normalized difference is plotted here as a function of θ , the angle between each of the three paths and the tunnel axis.
In general, the normalized measurement errors have minimal dependence on both tunnel speed and the particular path. One exception is path a measurement errors for θ ≥ 170 • , which correspond to negative vertical gusts at elevation angles of −50 • to −65 • that are close to alignment with path a. We have compared our measurements to a transducer-shadowing algorithm suggested by Wyngaard and Zhang (1985) , e.g. for CSAT3 path a,
whereû a and u a = S cos θ a are the measured and true wind components parallel to the path, S is the tunnel speed measured with a pitot-static tube, and
Thus the model equation for the ordinate of Fig. 5 is
With the exception of large wind elevation angles, this model provides a good fit to our windtunnel data, using the maximum attenuation of 16 % found by interpolation of Kaimal's 
Simulation of Sonic Attenuation by Transducer Shadowing
Wyngaard and Zhang (1985) made a linearized, analytical study of the effects of transducer shadowing on velocity variances, or power spectra, as a function of wind direction, two transducer shapes, L/d = {10, 20, 60}, and two sonic geometries: an orthogonal geometry and a geometry with a vertical path and two horizontal paths separated by 120 • (the geometry of the sonics used in the 1968 Kansas field program). They found that the variance of a horizontal wind component was maximally attenuated for wind parallel to the corresponding path, but that the attenuation decreased as θ increased and the variance could even be amplified by cross-talk between the horizontal paths. As would be expected, these errors decreased with increasing values of L/d. Zhang et al. (1986) extended this study to the U.W. sonic geometry with a zenith angle of 30 • , L/d = 20.6 and a maximum transducer-shadow attenuation of 15 %, examining the dependence on wind direction and atmospheric stability of the velocity variances in streamwise coordinates, as well as the shear-stress covariance. They found that the attenuation of each of these second moments has a cyclic dependence on wind direction with a period of 120 • . For the design values of the transducer array geometry, maximum attenuation again occurs for wind directions aligned with a vertical plane containing one of the three sonic paths. The greatest peak-to-peak amplitudes of the attenuation occur for the shear stress or kinematic momentum flux, u w , and the streamwise velocity variance, u u , which increase with increasing instability for u w but decrease for u u . The dependence of the cross-stream and vertical wind variances, v v and w w , on both wind direction and stability was found to be minimal.
Here we use a semi-empirical simulation of transducer shadowing to examine how the flow distortion by transducer-shadowing depends on sonic path geometry, wind direction and atmospheric stability. Transducer shadowing is assumed to be insensitive to wind speed, as shown by the wind-tunnel data discussed in the previous section and discussed further in Sect. 6.1. Our technique is semi-empirical in that we utilize 80 cases of stationary data obtained by a CSAT3 sonic during the Horizontal Array Turbulence Study (HATS) field program, with sonic heights ranging from 3.45 to 8.66 m (Horst et al. 2004 ). The upwind surface at the HATS field site was covered by low weeds and crop stubble with an aerodynamic roughness length of 20 mm and a displacement height of 0.32 m. Favoured wind directions were from the north-west with a uniform fetch on the order of 6 km.
Our simulations assume that the HATS time series data have representative joint probability distributions of turbulent velocity components and temperature in the atmospheric surface layer. The first step is to transform the measured time series in streamwise coordinates {u, v, w} to path wind components {u a , u b , u c }. This step is repeated for 2 • increments of wind direction over the entire range of ±180 • from the sonic u-axis. For each wind direction increment, we then attenuate each data sample with transducer shadowing, using Eqs. 2-3. In order to compare geometries on an equal basis, we use the same attenuation coefficient of 0.16 for all sonic geometries, even though those coefficients are likely to be different for the various commercial sonics. Then, we transform the attenuated path winds back to orthogonal wind components, {û,v,ŵ}, and calculate various turbulence statistics from the attenuated time series, e.g. ŵ ŵ . Finally we calculate the ratio of the attenuated statistics to those calculated with the original data, w w , which by our initial assumption represent the true wind components.
Figures 6 and 7 show the effects of transducer shadowing as a function of wind direction for a near-neutral, stably stratified HATS case, z/L = 0.03, where z is the measurement height and L is the Obukhov length, and for three sonic geometries: non-orthogonal U.W. geometries with zenith angles of 30 • and 45 • and an orthogonal geometry. Figure 6 shows three statistics that depend on the vertical wind component, σ w , u w and w t c , while Fig. 7 shows wind speed and the standard deviations of the streamwise horizontal wind components, σ u and σ v . As predicted, a U.W. sonic with 45 • paths has significantly more attenuation than a 30 • sonic for both horizontal and vertical wind-component statistics. As might be expected, an orthogonal sonic has the largest attenuation and the largest variation with wind direction for the horizontal statistics, and the U.W. geometries have the largest attenuation and dependence on wind direction for the vertical statistics.
The periodicity of the attenuation as a function of wind direction corresponds directly to that of each sonic geometry, i.e. 120 • and 90 • . The maximum (minimum) attenuation for U.W. sonics occurs for wind directions close to negative (positive) alignment 2 with one of the vertical planes containing the sonic paths, i.e. 0 • and ±120 • (±60 • and 180 • ). For an orthogonal sonic, the maximum attenuation occurs for alignment with one of the horizontal paths and the minimum attenuation occurs for wind directions at 45 • to both of the paths (with the exception of σ v , which is 45 • out-of-phase with wind speed, σ u and u w ). Wind speed and σ v measured by non-orthogonal sonics and σ w and w t c measured by an orthogonal sonic have no significant dependence on wind direction, while the variation of σ w for a U.W. sonic with 30 • paths is only slightly larger. The variation of the shear stress u w with wind direction has the largest amplitude of all the non-orthogonal sonic statistics, and even exceeds unity when the wind direction is positively aligned with one of the paths, suggesting that it should be a good diagnostic variable for transducer shadowing. This behaviour was also noted by Zhang et al. (1986) , who attributed it to cross-talk between the non-orthogonal sonic paths when the orthogonal wind components are calculated from the path wind components.
Next we examine the dependence of transducer shadowing on stability, using all 80 HATS cases and averaging the statistics over all wind directions for each case. For stable stratification, the turbulence statistics are all minimally dependent on z/L. Like Zhang et al. (1986) , we find the dependence on z/L to be strongest for u w . Figure 8 shows that the attenuation of u w for non-orthogonal sonics decreases with increasing instability (decreasing z/L), while for an orthogonal sonic it increases with increasing instability, changing by up to 4-5 % for all three geometries over the range −1 < z/L < 1.5. For non-orthogonal sonics, the attenuation of σ u decreases with increasing instability by perhaps 1 % for unstable stratification (not shown), while for an orthogonal sonic, the attenuation of both σ w and w t c increases 382 T. W. Horst et al. With the exception of those variables in Figs. 6 and 7 that are essentially independent of wind direction, i.e. wind speed and σ v for non-orthogonal geometries and σ w and w t c for an orthogonal sonic, the variation of their attenuation with wind direction significantly exceeds the variation with stability. For the variances of most of the three wind components, the amplitude of the variation with wind direction is insensitive to stability. However, for wind speed and σ v measured by an orthogonal sonic and for u w and w t c measured by the non-orthogonal sonics (not shown), there is a minor decrease in the amplitude of the variance with wind direction for unstable stratification compared to that for the stable, near-neutral case shown in Figs. 6 and 7.
We are quite surprised by the weak dependence of transducer-shadowing attenuation on stability, since transducer shadowing depends on the instantaneous angle of the wind with respect to the paths and the variance of the elevation angle of the wind increases rapidly with increasing instability. For the HATS data, σ φ increases from 2 • for strong stable stratification, z/L ≈ 1.5, to 5 • -7 • for near-neutral stability and 6 • -8 • for z/L ≈ −0.5, while σ φ is even as high as 8 • -14 • for a few unstable cases (not shown). Only orthogonal sonic measurements of σ w , u w and w t c conform to our expectation, albeit quite weakly compared to the change in σ φ with increasing instability, while non-orthogonal sonic measurements of u w and σ u act contrary to our expectation.
Correction of CSAT3 Sonics for Transducer Shadowing
Next, we demonstrate the efficacy of our flow-distortion proposal by correcting the Marshall CSAT3 wind data for transducer shadowing 3 and comparing turbulence statistics of the corrected CSAT3 data to those measured by adjacent ATI-K sonics, which have also been corrected for transducer shadowing as specified by the manufacturer. The transducershadowing correction is essentially the inverse of that applied to the HATS data in Sect. 4. We transform the measured, attenuated velocity components {û,v,ŵ} to path components, correct them with the inverse of Eq. 2, and then transform the corrected path components back into orthogonal wind components. In this procedure, we use the measured winds to calculate approximate values for θ , e.g. for path a,
(For the simulations in Sect. 4, we chose to assume that the HATS data represented true winds in order to preclude the need to approximate θ .) We find that this first-order approximation is sufficient to keep errors in the corrected path winds to <0.6 % for an orthogonal sonic and no more than about 1.2 % for a 45 • non-orthogonal sonic. The errors are as large as 2.5 % for a 30 • non-orthogonal sonic, but exceed 1 % only for θ < 20 • . The latter is equivalent to a wind elevation angle exceeding 40 • , which occurs for <0.1 % of the Marshall data, and therefore the CSAT3 data shown here are corrected using the first-order approximation. Path-wind errors for 30 • non-orthogonal sonics can be reduced to <1 % for all values of θ by calculating the angle with one iteration of Eqs. 2 and 5. Finally, we note that the CSAT3 coordinate transformations between orthogonal and path coordinates are done using the coordinate transformation matrices specific to the precise geometry of each sonic, which have been provided by Campbell Scientific, Inc. We begin by examining whether the differences between CSAT3 and ATI-K sonics could be caused by differences in the hardware and firmware used by each manufacturer to measure the transit times of acoustic pulses across the individual paths. Figure 9 compares the measurements of σ w and w t c by csatva, the CSAT3 with a dedicated vertical path, to an adjacent ATI-K sonic (displaced by 0.5 m) after both are corrected for transducer shadowing. Both of these statistics averaged over ±60 • agree within 1 % between the two sonics, and the variation of the σ w ratio with wind direction is minimal and even slightly better than a comparison between the two ATI-K sonics or the two CSAT3 sonics (not shown), which are separated by 1 and 2 m, respectively. The dependence of the w t c ratio on wind direction is also small for easterly winds. The cause for the larger variance with wind direction for westerly winds is not immediately obvious, but might be related to the preponderance of stable stratification for westerly winds 4 . Figure 9 demonstrates that it is unlikely that the differences between standard CSAT3 and ATI-K sonics are due to differences in hardware and firmware. Our inference, then, is that the observed differences are due to flow distortion and are primarily caused by the lack of correction of the CSAT3 for transducer shadowing. Figure 3 shows the ratios of CSAT3 to ATI-K data for σ w and w t c after correction for transducer shadowing. Recall that we are assuming that the vertical path of the ATI-K sonic is a correct reference for measurement of the vertical velocity. The correction of the CSAT3 data has been very effective for σ w and only slightly less effective for w t c . The transducer-shadowing correction has increased the two wind-direction-averaged ratios by similar amounts, 3.5 % for σ w and 4.0 % for w t c , and noticeably decreased the dependence on wind direction, particularly for w t c . Recall that the HATS simulation results show the CSAT3 attenuation for these two variables to be essentially identical and on the order of 5 % independent of stability and averaged over all wind directions.
Alternatively, we could also test the CSAT3 transducer-shadowing correction without reference to the ATI-K sonic by plotting a dimensionless variable, for example σ w /u * , where u 2 * ≡− u w , with the expectation that it will be independent of wind direction if the correction is effective. However, many dimensionless turbulence variables are a strong function of stability and therefore, recalling the strong dependence of stability on wind direction at the Marshall site, we limit our analysis of dimensionless variables to near-neutral stratification, −0.1 < z/L < 0.1. Figure 10 shows σ w /u * for the csatw sonic both with and without correction for transducer shadowing. The correction is very effective in reducing the dependence on wind direction, but the mean value of 1.16 differs by a disappointing 7 % from the accepted value of σ w /u * = 1.25 for neutral stratification (Panofsky and Dutton 1984) . One minor contribution to the low overall mean value is the lower values of σ w /u * for wind directions of 40 • and greater. This appears to be caused, perhaps, by inter-sonic flow distortion from another sonic to the east of csatw, but a second contributing factor may be the weak decrease of σ w /u * for unstable stratification (not shown) that predominates for easterly wind directions. Unfortunately, we cannot apply this analysis to w t c , i.e. by using the correlation coefficient r wt c ≡ w t c /σ w σ t c , because the difference in sign of the heat flux between stable and unstable stratification causes a strong dependence on stability for near-neutral stratification.
Since we already have confidence in the correction of σ w as shown in Fig. 3 , the mean value of σ w /u * in Fig. 10 raises a question about the correction of u w , the third secondorder turbulence statistic dependent on measurements of vertical velocity. However, our transducer-shadowing simulations in Figs. 6 and 7 show that an orthogonal sonic has large transducer-shadowing errors for wind speed, σ u , σ v and u w . Further, our wind-tunnel measurements of CSAT3 flow distortion shown in Fig. 5 suggest that the transducer-shadowing Consequently we have less confidence in the correction of the horizontal paths of the ATI-K sonic for flow distortion than we do for the vertical wind component. Therefore we examine the efficacy of the CSAT3 transducer-shadowing correction of u w in Fig. 11 with a plot of the u-w correlation coefficient r uw ≡ u w /σ u σ w , independent of the ATI-K data. This is a very demanding test of CSAT3 transducer-shadowing because the u w attenuation of the 30 • non-orthogonal sonic depends strongly on wind direction (Fig. 6) , while σ w (Fig.  6 ) and σ u (Fig. 7) have only a weak dependence on wind direction. The correction has again been very effective, in this case essentially eliminating any systematic dependence on wind direction, and the value of r uw is equal to an accepted, near-neutral value of −0.35 (Kaimal and Finnigan 1994) .
Discussion

Does Transducer Shadowing Depend on Wind Speed?
By comparing wind-speed measurements made by an ATI-K sonic to those made by an adjacent R. M. Young propeller-vane anemometer, Kaimal et al. (1990) determined that the transducer-shadowing corrections to the sonic horizontal wind components were independent of wind speeds up to 9 m s −1 . Our wind-tunnel data find CSAT3 transducer shadowing to be insensitive to tunnel speeds from 2 to 25 m s −1 , and our assumption that this is also true in the atmosphere is supported by the successful correction of the CSAT3 turbulence statistics, albeit the median wind speed for the Marshall data is 2.5 m s −1 and only 10 h of data (0.9 %) exceed 10 m s −1 . We explore further whether transducer shadowing might be Reynoldsnumber independent (for a given value of d/L) by looking at data on the drag coefficients of cylinders, which depend strongly on the wake formed on their lee side. The Reynolds number (Re) of the CSAT3 transducers, based on a diameter of 6.4 mm, is 1280 at 3 m s −1 . This falls in the range 10 3 < Re < 10 4 , where the laminar-flow drag coefficient of a cylinder is insensitive to Re at the 10 % level (Schlichting 1960) . If the boundary layer on the cylinder remains laminar, the drag coefficient is Reynolds-number independent for 10 4 < Re < 10 5 . However, even in a laminar external flow, the boundary layer undergoes transition from laminar to turbulent around Re ≈ 2 × 10 5 , and the drag coefficient decreases by a factor of about 4. This transition is likely to occur at a lower Re when the external flow is turbulent, as in the atmosphere. Thus, whether or not transducer shadowing is Reynolds-number independent in the atmosphere may depend on the Re value at which the boundary-layer transition occurs. The data used herein only address this question indirectly.
Transducer Shadowing in the Non-orthogonal Metek uSonic-3
In principle, transducer-shadowing corrections should be applied to all sonic path geometries, although they may not be as dominant a flow-distortion mechanism as for the CSAT3 because of differences in the sonic transducer-support structures. We show evidence for this using wind-tunnel measurements by Metek for their uSonic-3 (formerly USA-1) anemometer, which has a unique geometry of three paths oriented at a zenith angle of 45 • (Fig. 12) . The wind-tunnel measurements are presented as corrections for wind speed s, horizontal wind direction α, and elevation angle of the wind φ (Metek 2004),
where againx denotes the uncorrected data measured by the sonic. The correction functions n c , α c and φ c are calculated with finite Fourier series that depend on the measured wind directions and elevation angles,
where C f, j and S f, j are coefficients tabulated as a function ofφ, given in steps of 5 • ranging from −50 • to +45 • . (We note that the uSonic-3 corrections are independent of wind speed.) We have calculated the dependence of these corrections on θ , the angle between the wind vector and each path, for horizontal wind directions in 5 • steps over the range of ±180 • and elevation angles φ in 15 • steps over the range ±45 • . Figure 13a shows the attenuation for path p1 and for v > 0 in a format similar to Fig. 5 . In this case, path p1 is generally upwind of the rest of the sonic (Fig. 12, inset) . In contrast, Fig. 13b is for winds with v < 0. In this case, path p1 is downwind of the rest of the sonic and there appears to be additional flow distortion from upwind paths and/or from the central support bar.
We have fitted the uSonic-3 attenuation for all wind directions to our transducer-shadowing algorithm with a coefficient 0.22, an offset of −0.022, and a normalized mean absolute deviation of the residuals from the fit equal to 0.039. The offset is likely caused by vertical asymmetry due to the extension of the support bar below the three measurement paths (Peters 2014, personal communication) . One surprise is that for the d/L value of the uSonic-3, 0.11, Fig. 4b would imply a maximum attenuation of 0.32 rather than 0.22. However, Fig. 4b is for cylindrical transducers coaxial with their support arms and the acoustic path, whereas the uSonic-3 has its transducer support arms at right angles to the acoustic path and transducers with an aspect ratio on the order of 1 (Fig. 12) . Based on only this single example, this suggests that the right-angle support geometry might benefit from 2/3 of the transducer shadowing found in the coaxial transducer-support geometries. The turbulence within and above a forest canopy differs significantly from that in the atmospheric surface layer, resulting from both the canopy-induced inflection-point instability in the wind profile and wakes shed from the canopy elements (e.g. Finnigan 2000; Finnigan et al. 2009 ). In particular, we expect the root-mean-square elevation angles of the wind to be significantly larger, and thus we might also expect transducer shadowing to be greater, although the HATS surface-layer data did not show a strong correlation between σ φ and transducer-shadowing attenuation. In order to investigate this issue, we have repeated the simulations of Sect. 4 using data from the CHATS (Canopy HATS) field program, which took place in a walnut orchard with a canopy height of 10 m and a cumulative plant area index of 2.5 (Patton et al. 2011) . The CHATS field program measured the turbulent flow field within and above the orchard from a 30-m tower instrumented with CSAT3 sonic anemometers at six levels within the canopy, one level at the canopy top, and six levels above the canopy. We simulated transducer shadowing using data from all 13 levels of the tower for several cases The CHATS-based transducer-shadowing simulations are qualitatively similar to those presented in Figs. 6 and 7, and thus we have not repeated those plot formats for this dataset. We find again that non-orthogonal sonics have the greatest attenuation and the strongest dependence on wind direction for the vertical statistics, σ w , u w and w t c , and an orthogonal sonic has the largest attenuation and dependence on wind direction for the horizontal statistics, wind speed, σ u and σ v . And again, wind speed measured by non-orthogonal sonics and σ w and w t c measured by an orthogonal sonic have no significant dependence on wind direction, while for a U.W. sonic with 30 • paths, σ v , σ w and w t c have only a minor dependence on wind direction. And finally, for non-orthogonal sonics, the strongest dependence on wind direction occurs for u w , while for an orthogonal sonic it occurs for the horizontal wind components.
In Fig. 14, we show CHATS profiles of σ φ and CSAT3 transducer-shadowing attenuation for four stability cases and for the same vertical velocity statistics shown in Fig. 6 . The attenuation profiles are averages over all wind directions relative to the sonic, as was done previously for Fig. 8 , but here horizontal whiskers show the total range of variation with wind direction. This variation is again minor for σ w and for w t c in near-neutral and unstable stratification, but is quite large for u w and is shown as a dotted line for cases where the whiskers exceed the limits of the abscissa. (The u w profile data are plotted as individual points rather than lines because even some of the mean values are off-scale.) The attenuation of w t c is almost identical to that of σ w , and both have minimal dependence on height and stability above the canopy top and only a minor dependence on height and stability within the canopy space. In contrast, the attenuation of u w depends noticeably on height and stability, particularly within the canopy.
The CHATS wind elevation-angle fluctuations are significantly larger than those found in the HATS surface-layer data. They increase systematically with increasing instability at all heights, and are on the order of 10 • -30 • within the relatively open trunk space, reach a maximum of 20 • -35 • within the crown layer, and decrease to 5 • -25 • at a height of 5-10 m above the canopy top. These results confirm that the canopy-element wakes and the canopy's inflection-point instability generate significant turbulent fluctuations. However, as was found for the surface-layer data, σ w and w t c attenuation are surprisingly insensitive to σ φ , with the exception of a very minor increase where σ φ reaches a maximum within the canopy. The increased attenuation within the canopy is more evident for the u w attenuation profiles, which are less scattered for near-neutral stability but become more erratic and have a stronger dependence on wind direction for h/L = ±0.53. [The attenuation of the 4.5 m u w measurement near the bottom of the crown space appears to be particularly illbehaved for all cases.] One caveat to the proceeding is that the transducer-shadowing model may underestimate flow-distortion attenuation for σ φ exceeding 20 • , as seen with our CSAT3 wind-tunnel measurements in Fig. 5 .
Conclusions
We have proposed that flow distortion within the non-orthogonal CSAT3 sonic anemometer is primarily caused by transducer shadowing, and that flow distortion by the transducersupporting infrastructure may be no more than a second-order effect, particularly for levels of turbulence in the atmospheric surface layer. We investigated the dependence of transducer shadowing on sonic path geometry, wind direction and atmospheric stability using simulations with both atmospheric surface-layer and canopy roughness-sublayer turbulence data. We find that transducer-shadowing attenuation is greatest for wind speed and the horizontal components of turbulence in orthogonal sonics, whereas the attenuation is greatest for the vertical components of turbulence in non-orthogonal sonics. As expected, we find that transducer-shadowing attenuation is greater in non-orthogonal sonics with paths oriented at zenith angles of 45 • than those with paths oriented at 30 • as in the U.W. and CSAT3 sonics.
Further, we find that the dependence of the simulated transducer-shadowing attenuation on wind direction is, in general, significantly greater than its dependence on atmospheric stability. The momentum flux attenuation has the greatest dependence on wind direction and even overestimates u w for the non-orthogonal sonics at wind directions in positive alignment with the azimuths of the measurement paths. The attenuation of σ w and w t c for an orthogonal sonic and wind speed and σ v for the non-orthogonal sonics are essentially independent of wind direction. For the CSAT3 path geometry, the variances of the three streamwise wind components and w t c only have a weak dependence on wind direction and stability. However we are surprised that, with the possible exception of u w , transducer shadowing appears to be insensitive to the variance of the vertical attack angle, both in the surface layer and in the roughness sublayer within and above a forest canopy.
We support our proposed correction of flow distortion in the CSAT3 sonic with windtunnel measurements of its transducer shadowing and with 6 months of data from adjacent CSAT3 and orthogonal ATI-K sonics at our Marshall field site. By comparing data from a unique CSAT3 with a vertical path to that from an adjacent ATI-K sonic, we establish that the differences between vertical velocities measured by these two sonics are unlikely to be caused by differences in the firmware and hardware used by the two manufacturers to measure the acoustic pulse transit time. Further, measurements of vertical velocity vari-ance and the vertical flux of sonic temperature made by standard CSAT3 sonics, corrected for transducer shadowing, agree within ±1 % of measurements by adjacent ATI-K sonic anemometers. In addition, we find that CSAT3 values of σ w /u * and r uw , again corrected for transducer shadowing, are insensitive to wind direction and are close to known values of these variables for neutral stratification, which gives confidence in the CSAT3 measurements of the momentum flux independent of the ATI-K sonic. Finally, we demonstrate that transducer shadowing is also quite evident in measurements of flow distortion within the Metek uSonic-3.
The measurement of scalar fluxes is an important application of sonic anemometry, and uncertainty about their measurement with non-orthogonal sonics was a prime motivation for this research. Our simulations of transducer shadowing with the CSAT3 path geometry using the HATS dataset find that the attenuation of w t c averaged over all wind directions equals 5 % independent of stability, and our Marshall sonic intercomparison data suggest an attenuation of 3-4 % averaged over 6 months of data. The variation of simulated w t c attenuation with wind direction decreases from ±2 % for stable and near-neutral stratification to ±1 % for z/L < −0.2. Thus for practical purposes, w t c and other surface-layer scalar fluxes measured by the CSAT3 might reasonably be corrected by an overall increase of 4-5 %. This approximate correction could be applied to fluxes for which the investigator is unable to apply sample-by-sample transducer-shadowing corrections as done here. However, this simple correction does not apply to non-orthogonal sonics with a 45 • path geometry, for which the w t c attenuation in stable conditions varies by ±8 % for a wind direction change of 60 • , and also may not apply to flux measurements in the roughness sublayer of a forest canopy.
The principal shortcoming of our research is the dependence of the results on a comparison between sonics and on the correction of dimensionless turbulence statistics, as well as the limited wind-direction range of our wind-tunnel and field data. Thus the supporting evidence for our proposed correction is somewhat indirect and incomplete. We have assumed that vertical velocity measurements made with a dedicated vertical path, such as with the ATI-K sonic, are a valid reference standard for the CSAT3 measurements. In addition, we rely on plots of dimensionless variables measured by the CSAT3 to verify the efficacy of the transducershadowing correction for the momentum flux, and there will likely be some cancellation of flow distortion in the calculation of those dimensionless ratios. Finally, our wind-tunnel measurements apply directly only for winds confined to the vertical plane containing path a of the CSAT3 sonic (i.e. v = 0 in sonic coordinates), and the analysis of our Marshall data is confined to only one of the three 120 • sectors of the sonic, with the assumption that the results will also apply for the other two, geometrically identical sectors. The ideal evidence for our proposal would be a comparison of sonic anemometer measurements to a reference that is free from flow distortion. One promising technique is that employed by Dellwik et al. (2015) , who made simultaneous velocity measurements with a CSAT3 and with a three-component Doppler lidar system focused at a point 0.8 m 'in front of' the sonic.
